Introduction {#Sec1}
============

Ionic liquids (ILs) have been attracting tremendous interest as solvents with many interesting qualities. In particular, their good thermal and chemical stability, low melting point, low flammability, and high ionic conductivity are ideal for replacing existing electrolyte media in lithium batteries. For example, ILs with bis(tri-fluoromethanesulfonyl)imide (TFSI) anions are popularly used for their good stability and conductivity, as well as the ability to form solid electrolyte interphases (SEIs)^[@CR1]--[@CR4]^.

ILs are also popularly used to study glass transition and ionic conductivity relaxation due to the wide range of chemical and physical properties available from different choices of cations and anions. In these research areas, dynamics of both structural and interionic correlation have been studied mainly by neutron scattering^[@CR5],[@CR6]^, or dielectric spectroscopy^[@CR7],[@CR8]^. In addition, plastic crystals formed by ILs at low temperature are known to exhibit a unique ion conduction mode through coupling to rotation dynamics (especially methyl groups)^[@CR9]^. Therefore, understanding these molecular dynamic properties is expected to provide critical knowledge to reveal the details of the microscopic interactions in the ILs, as well as ion transport mechanisms of solid electrolytes based on plastic crystals.

Here, we found that the methyl groups, which are often present in many ILs, can be used as a probe to obtain information about characteristics of the surrounding molecular arrangement. In particular, we investigated the behavior of methyl groups in 1,3 dimethylimidazolium bis(tri-fluoromethanesulfonyl)imide (\[DMIm\]\[TFSI\]) (Fig. [1](#Fig1){ref-type="fig"}). This was made possible through observation of the quantum tunneling peaks in the studied IL system. The rotation dynamics of molecular rotors, such as methyl groups, have been a popular subject of study for neutron scattering experiment^[@CR10]--[@CR12]^. Since the rotational potential is described by the energy landscape of the surrounding molecules, measurement of the quantum tunneling frequency can provide details about the characteristics of the local environment. In ILs, however, quantum tunneling has never been measured, nor reported so far, largely due to the typically glassy behavior of the ILs that often precludes crystallization on cooling down. Because the rotational potential barriers of methyl groups can vary due to the local disorder, glassy state ILs would exhibit too broad distribution of tunneling frequencies. We found that \[DMim\]\[TFSI\] crystalizes at low temperature, which makes it possible for the quantum tunneling peaks to be observed.Figure 1Molecular structure of \[DMIm\]^+^ and \[TFSI\]^−^. Methyl groups that exist in \[DMIm\]^+^ are indicated with dotted rectangles.

Results and Discussion {#Sec2}
======================

The location of methyl groups in \[DMim\]\[TFSI\] is indicated in Fig. [1](#Fig1){ref-type="fig"}, where the molecular structures of DMIm and TFSI are described. Figure [2](#Fig2){ref-type="fig"} shows the QENS spectra of samples at various temperatures. The spectra sharpen as the temperature is decreased, indicating suppression of motions in the system. Interestingly, on top of the QENS signal, sharp inelastic peaks are observed around 27 µeV from the IL with LiTFSI at temperatures below 30 K. The peaks visible in Fig. [2b](#Fig2){ref-type="fig"} exhibit characteristic properties of quantum tunnelling excitations, such as downward shift and eventual disappearance into the quasi-elastic signal as the temperature is increased.Figure 2QENS spectra of \[DMIm\]\[TFSI\] without (**a**) and with (**b**) additional LiTFSI. (**c**) Closer look of the QENS spectra around the tunneling peaks.

These trends in the temperature dependence of the inelastic excitations can be better visualized from Fig. [2c](#Fig2){ref-type="fig"} that uses linear scale and truncated elastic peak. It is evident that, as the temperature is increased, the inelastic peak does not increase in intensity, as would be required for vibrational motions obeying Bose statistics. Instead, the observed temperature behavior is characteristic of systems exhibiting quantum tunneling, where the peak intensity decreases with temperature due to transition from the lowest to higher split level of the ground (as opposed to vibrationally excited) state^[@CR13]^.

Considering that the quantum tunnelling frequencies have exponential dependence on the barrier height, a decrease in activation energy introduced by the addition of Li+ ions must have lowered the barrier for the 3-fold methyl jumps enough so that the tunnelling energy becomes visible within the energy window of the experiment. The quantum tunnelling peaks of the methyl groups in the salt-free IL must be present, but buried within the resolution line of the spectrometer and thus undetectable. From the position of the tunnelling peaks (\~27 µeV at 20 K), the barrier height of 23 meV can be estimated as follows. The quantum tunnel splitting energy is calculated by solving energy eigenvalues of the total Hamiltonian of methyl rotor^[@CR14]--[@CR16]^:$$\documentclass[12pt]{minimal}
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                \begin{document}$${\hslash }^{2}/2I\,\,$$\end{document}$is known as 0.654 meV and n,m = 0, ±1, ±2, ... From the curve presented in Fig. [3](#Fig3){ref-type="fig"}, the potential barrier of \~23 meV corresponds to the 27 µeV tunneling peaks observed from the experiment data (Fig. [2b](#Fig2){ref-type="fig"}). Likewise, the barrier height in the salt-free IL must be higher than \~40 meV for the tunneling peaks to be buried within the resolution line of FWHM of 3.5 µeV. The activation energy for methyl group rotation can be probed independently, using the rotation jump times (inverse width of the measured QENS signal) as shown in Fig. [4](#Fig4){ref-type="fig"}. Indeed, this activation energy decreases by almost a factor of 2 by adding LiTFSI, from 25.8 meV to 14.8 meV.Figure 3Tunnel splitting energy calculated as a function of potential barrier (V~3~).Figure 4Symbols are activation energy plots for methyl group rotation jump times obtained from QENS experiment. Lines are fits with Arrhenius model.

To our knowledge, this is the first time that quantum tunnelling has been observed in ILs. One factor that made this observation possible was crystallization, rather than typically observed vitrification on cooling down^[@CR6]^, of \[DMIm\]\[TFSI\], with or without salt. Besides, the presence of salt lowered the energy barrier of methyl group rotations, thereby bringing the quantum tunnelling excitations within the range of the experiment. To further understand how LiTFSI changes molecular environment around methyl groups, especially in general case, when vitrification leads to a variety of local environments that precludes experimental observation of quantum tunnelling, we have employed computer simulation module called Polymorh using Materials Studio 2016 (BIOVIA, USA) with the COMPASS force field to predict potential crystallization structures^[@CR17],[@CR18]^. Crystal structure prediction using Polymorph module in Materials Studio utilizes Monte-Carlo based configuration search to find structures that can minimize Gibbs free energy. To be more specific, the entropic contribution is in fact neglected as an approximation for practical calculation. Therefore, contribution to the energy comes from the intramolecular energy, intermolecular electrostatic energy, and repulsion-dispersion interaction energy, which depend on the conformation of the molecules and their relative positions within the unit cell. Here, we limited our search to selected space groups including P2~1~/c, P1, P2~1~, C2/c, C2, and Cc. Each space group predicted from a few hundred to several thousand of potential crystal structures. As an example, the total energy and the density of the predicted crystal structures for P2~1~/c space group is shown in Fig. [5](#Fig5){ref-type="fig"}. For pure \[DMIm\]\[TFSI\], a total of 6432 configurations were predicted, with total energy ranging from 40 kcal/mol to 65 kcal/mol. Overall density of low-energy configurations was highly concentrated around 1.8 g/cm^3^ to 1.9 g/cm^3^ range. With additional LiTFSI, 5992 configurations were searched. Total energies were found to be in the range from 90 kcal/mol to 160 kcal/mol. Low-energy configurations exhibit slightly higher density distribution, between 1.8 g/cm^3^ and 2.0 g/cm^3^, compared to the pure IL. In both predictions, crystal configurations with much lower density were predicted when the total energy is high, indicating they are far from realistic structural configurations. However, when comparing the total energy of predicted crystal structures with and without LiTFSI, special attention needs to be paid, since the total energy in Fig. [5](#Fig5){ref-type="fig"} is in kcal/mol per asymmetry unit. For the \[DMIm\]\[TFSI\] with LiTFSI, there are more molecular units in the unit cell. Therefore, the cell volume is overall larger than that of the pure IL. Later, when the potential barrier is compared, we will use total energy per a methyl group instead of the units used in Fig. [5](#Fig5){ref-type="fig"}. This will provide more reasonable basis for comparing total energy changes.Figure 5Total energy and density of each configuration predicted for P21/c space group. Total 6432 and 5992 configurations were predicted for without (**a**) and with (**b**) LiTFSI systems, respectively. Red markers indicate 300 lowest energy configurations. Here, the total energy is per asymmetric unit of the system.

The potential barrier as a function of the methyl group rotation was calculated by approximating the methyl group as a rigid rotor. As an example, one of the methyl groups is depicted for the lowest energy configuration of P21/c space group predicted for \[DMIm\]\[TFSI\] with LiTFSI (Fig. [6a](#Fig6){ref-type="fig"}). The total energy is calculated by varying the torsion angle shown in Fig. [6b](#Fig6){ref-type="fig"} from negative 180 to positive 180 degrees. In doing this, we considered the methyl groups bonds rigid, and no further relaxation was performed. The bond vibrations are not considered because the temperature dependency of the peak intensities observed in Fig. [2c](#Fig2){ref-type="fig"} excludes the possibility of vibrational origin. The total energy per methyl group as a function of rotation angle is shown in Fig. [6c](#Fig6){ref-type="fig"}. It demonstrates the three-fold symmetry of the potential barrier for the methyl group very well.Figure 6(**a**) An example of the predicted crystal structure of DT-1 which belongs to P2~1~/c space group. (**b**) Rotation angle of the methyl group is described. (**c**) Total energy per methyl group as a function of methyl group rotation. The potential barrier is estimated to be around 23 meV in this example.

As we have mentioned above, the quantum tunnel splitting energy can be calculated by solving energy eigenvalues of the total Hamiltonian of methyl rotor^[@CR14]--[@CR16]^ (see Fig. [3](#Fig3){ref-type="fig"}). One of the predicted structures shown in Fig. [6](#Fig6){ref-type="fig"} exhibits 23 meV potential barrier height. According to the estimation, the tunnel-splitting energy is expected to be 25.7 µeV with 23 meV potential barrier (Fig. [3](#Fig3){ref-type="fig"}). This is in agreement with the energy observed from experimental data, Fig. [2b](#Fig2){ref-type="fig"}. It should be noted that this tunnel splitting energy varies depending on the choices of configurations found from the polymorph prediction.

According to experimental data (Fig. [2](#Fig2){ref-type="fig"}), tunnelling peaks were only observed from ILs with LiTFSI. In order to understand what may be causing the appearance of tunnelling peaks in the presence of LiTFSI, we attempted to compare simulation results in more detail. However, as noted earlier, more than thousands of configurations are predicted as candidates for the crystal structure for individual space group (Fig. [5](#Fig5){ref-type="fig"}). Therefore, comparison between simulation results with LiTFSI and without LiTFSI has been made by i) estimating total energy as a function of rotation angle as in Fig. [6](#Fig6){ref-type="fig"}, ii) obtaining potential barrier ($\documentclass[12pt]{minimal}
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                \begin{document}$${V}_{3}$$\end{document}$) for each configuration, iii) repeating (i) and (ii) for 300 lowest energy configurations for the selected space groups, and iv) plotting all the potential values in one plot for comparison. Figure [7](#Fig7){ref-type="fig"} summarizes the results. Although the distribution is wide, it is evident that ILs with LiTFSI exhibit, overall, lower potential barrier for the methyl group rotation. Because the instrument resolution of QENS used in this experiment is 3.5 µeV, tunnelling energy lower than this value cannot be observed. In other words, tunnelling peaks in S(q, E) cannot be observed when the potential barrier is greater than 40 meV, which is likely the case for pure \[DMIm\]\[TFSI\] system (red solid circles in Fig. [7](#Fig7){ref-type="fig"}).Figure 7Potential barrier ($\documentclass[12pt]{minimal}
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Our simulation results demonstrate the general effect of reduction of the potential barrier by the salt, which is highly relevant to the more typical case when crystallization in ILs does not take place on cooling down, thus precluding experimental observation of quantum tunneling effect. Furthermore, by examining the selected crystal structures whose potential barriers are around 25--30 meV, we noted that TFSI- ions are more closely located to the methyl groups of ILs than Li+ ions (Fig. [8](#Fig8){ref-type="fig"}). For example, in the lowest energy configuration of P1 space group shown in Fig. [8](#Fig8){ref-type="fig"}, the nearest neighbor atoms around the methyl groups are either oxygen or fluorine atoms of the TFSI- ions. Li+ ions are closely located with oxygen atoms of TFSI- due to electrostatic attraction. This suggests that the tunneling energy was brought in the measurable range via arrangement of TFSI- ions. The influence of the salt on the potential landscape experienced by methyl groups may be similar in other ILs, despite the fact that most of them do not crystallize, but undergo vitrification instead, which would preclude the quantum tunneling measurements as a direct probe.Figure 8Lowest energy configurations for a few selected space groups. Visual inspection on these configurations confirms that methyl groups are under the influence of the TFSI- ions rather than Li+ ions directly. Examples of distances to the nearest atoms from the methyl group are shown for one of the configurations of P1 space group.

In conclusion, we have presented a direct evidence of quantum tunneling of methyl groups in IL for the first time using neutron scattering experiment. Whether measured alone, or in the presence of additional lithium salt, LiTFSI, the \[DMim\]\[TFSI\] crystalizes at low temperature, which makes possible observation of well-defined quantum tunneling peaks. Furthermore, Monte-Carlo based simulation for possible crystal structures has been employed to search for suitable molecular configurations in \[DMim\]\[TFSI\] with and without LiTFSI. Examination over thousands of molecular configurations obtained from simulation suggests that the rotational potential is generally lowered by the addition of LiTFSI. Visual inspection of selected crystal structures indicates, rather unexpectedly, that TFSI- ions may play a greater role than Li+ ions in this effect. The origin of the observed tunneling effect may be identified via precise structural characterization in the future studies.

Materials and Methods {#Sec3}
=====================

1-methylimidazole and methyl iodide were purchased from Aldrich. \[DMIm\]\[TFSI\] was synthesized and purified according to the reported procedure^[@CR19]--[@CR21]^. LiTFSI was purchased from Aldrich and dried at 150 °C under high vacuum for 12 hours before use. Calculated amount of LiTFSI was added to \[DMIm\]\[TFSI\] to make the desired salt concentration inside the glovebox. For the \[DMIm\]\[TFSI\] with LiTFSI, the molar ratio of each component was DMIm:TFSI:Li = 2.65:3.65:1. Quasi-elastic neutron scattering (QENS) measurements were performed at backscattering spectrometer BASIS^[@CR22]^ of the Spallation Neutron Source facility (Oak Ridge National Laboratory) using a standard setup with an energy resolution of 3.5 µeV (full width at half maximum) and accessible range of energy transfers of ± 100 µeV. The data reported here were averaged over a range of scattering momentum transfer of 0.2 Å^−1^ \< Q 1.2 Å^−1^.

The methyl rotation jump times were calculated as τ = (h/2π)/Γ, where Γ is half-width at half-maximum of the Lorentzian component of the quasielastic data fits with the following expression:$$\documentclass[12pt]{minimal}
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                \begin{document}$$S(E)=[x(E)+\frac{(1-x){\rm{\Gamma }}}{\pi ({{\rm{\Gamma }}}^{2}+{E}^{2})}]+(AE+B)$$\end{document}$$convolved with the resolution function, R(E), measured from a vanadium standard. The first term in the square brackets represents the elastic line, and the (AE + B) term is a fit linear background. Quasielastic data fits were performed for the 50 and 60 K data for the IL without LiTFSI and 40 and 50 K data for the IL with LiTFSI, to ensure that the quasielastic broadening remains within the ±100 µeV energy range of the spectrometer and, at the same time, the spectra are not affected by the tunneling peak visible at lower temperatures.
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